Abstract-This paper focuses on the preliminary design of a TORUS type AFPM generators used in the MW graded tidal current application. Two different structures can be derived based on the orientation of the main flux. In this paper, an analytical design model for this kind of machine is developed. This model is associated to a basic cost model to estimate the rough cost of the active materials of the machine. This two models are used in a common set of specification corresponding to high power tidal current turbine generator. This method allows a first comparison of these two structures for this application.
INTRODUCTION
Confronting the issue of energy shortage and environment pollution, it is necessary to develop renewable energy instead of conventional fossil fuels (petroleum and coal) to minimize the impact of human activities on climate changing and solve the fossil energy deficiency problem. Among all the renewables, wind energy and hydropower are well developed. Recently marine energy has been a hotspot in researches. Marine energies can be related to swell, tide, tidal stream or thermal conversion (OTEC). In this paper the study is focused in the way to extract efficiently tidal stream energy.
Tidal stream energy is a regular, predictable and stable energy resource. According to the data, the potential exploitable resource is up to 50 GW or 180 TWh/year [9] . The extraction principle is shown in fig.1 ; tidal current turbines capture the kinetic energy caused by the tide related horizontal motion of sea water. A marine tidal current energy system converts this kinetic energy in electricity with a turbine a generator and a power drive which is classically connected to a power grid. So the general principle of the system is mainly similar to a wind power system. The general equation of the harnessed power is given by Equation (1). 
where：A 1 is the area of the cross section, and C p is the power factor ranging between 0.35 to 0.5 according to the characteristics of the turbine [1] . For the same power range and for typical tidal fluid speed, a tidal current turbine is more compact than a wind turbine, because the density of sea water ρ [kg/m 3 ] is around 1000 times higher than that of the air. With the increasing awareness of environmental protection and green energy, tidal stream energy will definitely occupy a part in the energy structure. In order to generate energy in the most economic way, reducing the cost of power production and improving the performance of the turbine, it is necessary to optimize the generator used in the tidal stream system.
The study deals with direct-driven permanent magnetic synchronous generators. This kind of generator can be a very interesting solution for tidal energy systems because they are characterized by a high level of torque density, efficiency and reliability (the gearbox is one of the main cause of downtime and failure in turbine systems).
Considering PMSM structures, there are also various configurations that can be used for direct-driven tidal stream turbines. According to the orientation of the flux direction, these solutions can be classified as: the radial flux (RF), the axial flux (AF) and the transverse flux (TF) machines.
Concerning the characteristics and practical requirements of the direct-driven tidal stream turbines, such as the low speed and high torque, the AF generators can be attractive, because this configuration can improve the torque density and be less difficult in manufacturing than TF machine. These structures allow obtaining a better torque density because it is possible to multiply the number of air gap in the system. However, there still existed some drawbacks at that time, such as, for example, the strong axial magnet attraction force between the stator and the rotor which is leading to the difficulties in maintaining the uniform air gap. That is one of the main reasons why the RF machine had become the standard in electrical machine and has been developed more than the AF one.
With the development of PM excitation and the availability of high magnetic energy products, the use of AF Permanent Magnet configurations (AFPM machine) has to be reconsidered. Recently, due to its specific aspect ratio, the AFPM machine has been developed in special applications, which are limited in the axial length. For such specifications, this kind of machine can be an alternative to the classical RF configuration. This is the reason why the presented study focuses on AF generator modeling and design for tidal stream application.
II. DESCRIPTION FOR THE AXIAL-FLUX MACHINE
The AFPM machine (as shown in fig.2 ) can be designed in many different configurations considering the position or the number of the stator(s) with respect to the rotor(s): single side or multistage structure, internal or external rotor(s) with surface mounted or buried PMs, slot or slotless stator(s). The simplest structure is the single-sided with one rotor and one stator, as shown in fig.2 (a). Fig.2 (b) and fig.2 (c) are double-sided structures. The former one is with external rotors, which is also called "TORUS" [6] . On the basis of the magnet arrangement, north-to-north or north-to-south for the opposite position in the rotors, the main flux in the stator yoke can flow circumferentially or axially (see in fig.3 ). So it is possible to make two kinds of windings to produce the electromagnetic torque, the former type is applied to the toroidal windings and the N-S type is applied to the classical windings. Axial structures with two stators/one rotor and one stator/one rotor has been already studied for tidal stream application in literature [8] . In this paper, we will focus on a two-rotors-and-one-stator (2R-1S) "TORUS" structure.
In the following parts, we will introduce a first order analytical model used to determine the EM performance of this structure as a function of the main dimensions of the machine. The model will lead to establish sizing equations. This method will be used to make preliminary design of TORUS machines for typical specification of a 1MW tidal stream turbine.
III. ANALYTICAL MODEL FOR THE AIXAL-FLUX MACHINE DESIGN
In this section, we will focus on the description of analytical model to determine the main dimensions of the 2R-1S studied machine. In an axial flux machine the dimensions and quantities change with radius. As a result, for example, the electric and the magnetic loads vary with the radius. Several hypotheses are done to establish this first order model:
• Leakage effects are neglected.
• The iron parts (core, teeth, etc.) are considered as infinitely permeable.
• Only first harmonic is considered for flux density and EMF.
• A 3-phase full pitch single-layer winding is used with 1 slot per pole and per phase.
• The machine is considered to be associated with a back to back full IGBT converter which allows to control sinusoidal currents in the windings in phase with EMF (ψ=0) in the rated operating point (design point). Fig.4 depicts the 3D view and the geometric dimensions of the studied three-phase 2R-1S TORUS type AF machine, in which the slotted stator is located between the two rotors. For the sake of clarity, the mechanical parts like the shaft are omitted in the figure.
A. Geometry and main dimensions of the AF generator
As shown in the figure, the rotors and stator have some same dimensions, like the outer and inner radii represented by R out [m] and R in [m] respectively. According to Equation (1), the external radius of the turbine R t [m] can be fixed in accordance with the demand of input power. With a certain R t , the outer radius of the generator cannot be designed as large as you want to gain a high torque, because the nacelle volume will influence tidal flow in the turbine disk and will consequently decrease the energy conversion efficiency of the tidal stream turbine. Considering this phenomenon the maximum generator radius has been limited to:
The average radius R avg [m] and the corresponding average pole pitch τ p are:
where: p is the number of pole pairs.
In an AF machine, dimensions are changing with radius along the air gap. So we use the index notation to disambiguate the same parameters in different radius plane, i.e. w s,avg [ 
Where: m is the number of phase (here m=3) and q is the number of slot per pole and per phase (here q=1). 
β d is the teeth opening ratio. In order to prevent the teeth saturation, this value is chosen as:
B sat represents the maximum magnetic flux density in the teeth iron or the stator yoke iron and B g is the maximal value of the magnet flux density in the air gap. To maintain the saturation level constant along the radius, we suppose here that the angular width of teeth and slot keeps constant, which means the teeth opening ratio β d remain unchanged while radius varies. For the N-N type, the air gap flux created by each PM will be divided into two when it passes the yoke to form two different closed circuits. And there is a symmetric structure in the inner stator. So the height of the stator yoke h y_s can be determined as:
It can be assumed that the height of the yoke in the rotor h y_r is half that of the stator. In the N-N type structure, the choice of the thickness value of stator yoke in N-S type is not related to the flux in the yoke. It has been chosen only to ensure the mechanic strength requirements. This feature implies a reduction in iron losses. However, the lap windings, instead of the toroidal ones, imply longer end windings, which results in an increasing in the copper losses.
C. Electric load A and current density J s
Electric load A [A/m] is an important parameter, because it is related to the thermal behavior of the stator and the cooling method to be used to limit the temperature in the active parts of the electric machine. Usually, for air cooled machines, values of A in the 10 to 50 kA/m range are used. However, when A is between 80 and 150 kA/m, more complex cooling systems should be used.
In the presented study, the notation A represents the line current density on the inner stator radius R in . This value will serve as the criteria of the cooling method and is given as follows: ) where: Z is the total number of slots in the two faces of the stator.
So the height of the slot h s [m] can be determined as:
(1 )
D. Electromagnetic Torque T em [5] 
E. Copper losses
A direct-driven synchronous generator associated with a marine turbine rotates with a slow speed. As a result, the electromagnetic torque of the machine is rather high, and the machine is needed to be relatively large. So the copper losses caused by end windings cannot be neglected. Fig.6(b) illustrates the geometric consideration for the N-S type end windings. The total length of one conductor L cu , the equivalent length of half outer ends equi outer and half inner ends equi inner for the winding encumbrance can be estimated as follows [3] 
The resistivity of the copper depends on the working temperature. For the studied cases, during the normal work, the machine copper working temperature is assumed to be constant and equal to 115°C. The resistance of the armature winding for one phase is commonly expressed as
So the copper losses can be estimated as follows:
F. Core losses [2] The core losses including the hysteretic, eddy current and the additional losses, within a volume V ol under a sinusoidal flux density with a peak value B max1 , can be estimated as:
where : k ad , k F and k h are the specific loss coefficients for the additional, eddy current and hysteretic respectively. Neglecting the mechanical and stray losses, it is possible for us to calculate electromechanical efficiency, which can be expressed as: 1 1
G. Eestimation of the cost
It is necessary for us to estimate the material cost of the studied machine to compare the studied solution to other ones in an economical point of view. It is the reason why the total cost of the active materials used in the generator is roughly calculated. The unit-prices and mass densities of these active materials are listed in table I. 
IV. RESULTS AND ANALYSIS
This section presents the preliminary design results and analysis. A common rated operating point is used as specification for the generator design. This specification set, which is summarized in the first lines of table II, corresponds to a 1MW tidal turbine with a diameter of 27.6m and a rated tidal current velocity of 2m/s. The main design criteria used in this paper is to maximize the efficiency for this rated point. From this specifications and a set of common fixed values which are given in Table II , it is possible using the model described in previous sections to estimate the main dimensions of the corresponding AFPM generator. In the fig.7 , the blue line shows the relationship between the outer stator radius R out and total efficiency for the N-N type AF machine. It had been mentioned that the R out value has to be lower than R max , equaling to R t /3, for hydrodynamic reasons. The maximum value of efficiency appears at the point when R out equals to 4.3 m, which is fortunately within the authorized domain. It also can be concluded that the machine can be designed with a lower cost; however it will be at the cost of the efficiency. In the TORUS configurations, except for the PM and windings arrangement and the thickness of the stator, the physical structures for the two types are pretty the same. This is the reason why a similar analysis can be led for the N-S case. According to the design results, we estimate the rough cost for the both structures. The details are presented in Table IV . Under the same conditions and design methods, the efficiency of radial flux machine seems to be lower, and the total cost is greater than that in the studied cases (AFPM). So the axial flux machine, with a less effective length, seems to be really attractive for the MW range tidal current turbine applications. However it is obvious that complementary studies have to be led to finally conclude in this point. In particular, 3D FE analysis has to be done to validate the EM design. Thermal behavior, mechanical behavior and association of power electronics has also to be studied to evaluate the impact of the chosen structure on the generator integration, the price and the efficiency of the global system. V.
CONCLUSION AND PROSPECT
In order to make the best use of the tidal stream energy and reduce the cost of generation, it is necessary for us not only to research the control methods of the system, but also to optimize the performance of the generator used in the tidal stream applications.
According to the preliminary presented study presented in this paper, TORUS AFPM generators can be attractive structures for the MW range tidal current turbine application. Complementary studies have to be led in the future to conclude on the interest of these AFPM generators for this kind of specifications.
